We experimentally demonstrate Fano resonance line shapes tuning by using a Mach-Zehnder interferometer (MZI). We employ a silica 125-µm-size hexagonal micropillar resonator with prism coupling in one arm of the interferometer, and a phase shifter together with a variable attenuator in the other arm. Our initial experiments reveal that the resonance line shapes observed at the interferometer output are characteristically asymmetric as Fano resonances. By using the phase shifter, we controllably tune the asymmetric line shapes from near-symmetric dip to near-symmetric peak and back to near-symmetric dip. We discuss potential applications of our MZI-based microresonator resonance line shapes tuning for bio-chemical sensing.
INTRODUCTION

Fano resonances
1 are ubiquitous in quantum and classical resonance systems. Fano resonances occur when a resonance pathway interferes with a coherent background pathway. The resultant resonance line shapes are characteristically asymmetric, often with a signature "dip" adjacent to the resonance, yet also exist in the form of a symmetric inverted Lorentzian. In optical systems, Fano resonances have long been recognized in grating diffraction and dielectric particles elastic scattering phenomena. Recently, optical Fano resonances have also been reported in various optical microcavities including integrated waveguide-coupled microcavities 2 , prism-coupled square micropillar resonators 3, 4 , multimode tapered fiber coupled microspheres 5 , and Mach-Zehnder interferometer (MZI) coupled microcavities. 6 It has been suggested that optical Fano resonances have niche applications in resonance line shape sensitive bio-sensing 7 , optical channel switching and filtering [2] [3] [4] [5] . Previously 3, 4 , we reported experimental observations and modeling of Fano resonances in prism-coupled square micropillar resonators. We analyzed the observed singlemode asymmetric resonance line shapes in terms of interference between a single resonance mode and a coherent background 3 , and the observed multimode asymmetric resonance line shapes in terms of interference between a high-Q resonance mode and a detuned low-Q resonance mode. 4 Here we report an experimental demonstration of Fano resonance line shapes tuning by using an MZI, as shown in Fig.1 . We employ a prism-coupled silica hexagonal micropillar resonator to generate singlemode resonances in one arm of the interferometer, and a phase shifter together with a variable attenuator in the other arm. Our initial experiments show that the interferometer output exhibits Fano resonances and the line shapes can be controllably tuned from a near-symmetric dip to a near-symmetric peak.
The paper is organized as follows: Section 2 reviews concept and modeling of optical Fano resonances. Section 3 presents principle and experiments of MZI-based Fano line shapes tuning. Section 4 discusses potential applications of controlled Fano line shapes tuning technique in (biochemical) sensing. Section 5 concludes the present work. One arm of the interferometer is coupled to a microresonator to generate a Lorentzian resonance field, whereas the other arm provides relative phase and amplitude control to the coherent background field.
OPTICAL FANO RESONANCES CONCEPT AND MODELING
We model optical Fano resonances in terms of light wave interference between an inverted Lorentzian resonance and a coherent background (Fig. 1) . We express the interference between a unit-amplitude inverted Lorentzian resonance field E r and a coherent continuum background field E c as follows,
where ε = (λ -λ o )/(Γ/2), λ o is the resonance wavelength in free space, Γ is the resonance linewidth, φ r = tan -1 ε, C is the relative amplitude of the background continuum, and φ is the relative phase of the continuum. We assume both C and φ are constants within a narrow spectral range. We expand the terms in (1) and obtain,
where q = C sin φ is the Fano asymmetry parameter. The first term of (2) is the well-known Fano line shape, whereas the second and third terms represent a symmetric Lorentzian and a symmetric inverted Lorentzian. , Γ = 0.156 nm, C = 1, for φ = 0, 0.5π, π, and 1.5π. Physically, the asymmetric resonance line shapes result from interference between the resonant field and the coherent continuum field with relative phase values 0 < |φ| < π. Whereas, the symmetric Lorentzian dip (φ = 0) results from a constructive interference between the inverted Lorentzian resonant field and the coherent continuum field. In contrast, the symmetric Lorentzian peak (φ = π) results from a destructive interference between the inverted Lorentzian resonant field and the coherent continuum field. It is worth mentioning that (2) results in characteristics distinguishable from those of standard Fano line shapes. At ε = q, (2) results in finite intensities, yet Fano line shapes given by (q -ε) 2 / (1 + ε 2 ) alone gives a zero-intensity. Figure 3 illustrates Fano line shapes tuning by separately controlling φ and C using an MZI setup. Our interferometer comprises a resonance pathway given by a prism-coupled hexagonal micropillar resonator, and a coherent background pathway given by a phase shifter and a variable attenuator. Comparing with conventional circular micropillar or microsphere resonators, polygonal micropillar resonators in the shape of square 3, 4 , hexagonal [8] [9] [10] , and octagonal 11 , have the key merit of flat cavity sidewalls for the ease of evanescent coupling along relatively long lateral interaction lengths. Hence, hexagonal micropillar resonators offer alternative microresonators to microresonator-based applications. Previously 9 , we reported that hexagonal micropillar resonators exhibit resonances with 6-bounce ray orbits that are partially confined by total internal reflection at the six cavity sidewalls. Resonances occur only when the ray orbits are wavefront-matched with the input-coupled wavefronts upon each round trip. For a hexagonal micropillar resonator of a sidewall-to-sidewall distance a and a refractive index n, the wavefront-matched 6-bounce round-trip optical path length is given as 8,9 nL = n 3a sin (θ + 30 ο ), where θ is the ray incident angle. Figure 4 shows a schematic of our MZI-microresonator experimental setup. A TM-polarized (electric field parallel to the micropillar axis) Gaussian beam from an external-cavity wavelength-tunable diode laser (1510 nm -1580 nm; linewidth ~ 300 kHz) is weakly focused by an f/81 spherical lens with a cone angle of about 0.8 o (≈ 1/e 2 angular width). The laser beam is equally split by a 50/50 beam splitter. In one arm (the resonance pathway), the laser beam is focused onto a bulk fused-silica cylinder prism with an incident angle θ near 60 o . Such θ favors the input coupling to 6-bounce ray orbits 8, 9 . The illuminated prism is coupled to a commercially available fused-silica hexagonal optical fiber acting as a hexagonal micropillar resonator. The fiber sidewall and the prism flat surface are in contact near the prism origin. Inset (a) shows a top-view optical micrograph of the prism-coupled hexagonal fiber, with a ≈ 125 µm (sidewall length ≈ 72 µm) and six rounded corners. In the other arm (the coherent background pathway), we employ two right-angled gold-coated glass prisms (with one of the prisms mounted on a piezo-electric transducer) to form a phase shifter. We also use a polarization analyzer as a variable optical attenuator. We then separately control the relative phase φ and the relative amplitude C between the MZI arms. The piezo-electric transducer has a resolution of ~ 30 nm, and thus the Output minimum delay increment is limited to ~ 60 nm (corresponding to ∆φ ~ 2π*(60 nm) / (1550 nm) ~ 0.24 rad). Light beams from the two arms are recombined by another 50/50 beam splitter. The resultant interference fringe is sampled by a 62.5-µm core multimode fiber after an analyzer. We set the two arms optical path lengths to be nearly balanced. The spectral resolution is about 0.02 nm, which is only limited by the laser wavelength-tuning steps. 
FANO LINE SHAPES TUNING BY USING A MACH-ZEHNDER INTERFEROMETER
POTENTIAL APPLICATIONS IN BIOCHEMICAL SENSING AND COMPARISON WITH RELATED TECHNIQUES
Based on our initial experimental demonstration, we believe that by inserting a sample cell in the coherent background path (see Fig. 4 ), our resonance line shapes tuning technique should be applicable for sensing small phase shifts due to the presence of a certain biochemical content in the cell.
Conventionally, interferometry has long been employed for sensing small relative phase shifts. By inserting a (biochemical) sample into one arm of an MZI, the phase change can be represented as an intensity variation in the interferometer output. This conventional approach has an advantage that the sample can be readily inserted and removed from the interferometer arm. However, the free space interferometer arms alignment may be problematic and prone to mechanical instabilities.
Recently, high-Q microresonator-based sensing 7 has attracted much research interest. When this method is applied for biochemical sensing, it imposes coating the entire microresonator with a thin-film of sample in order to induce an effective refractive index change that results in resonance wavelength shifts. The key merit is that an ultra high-Q microresonator (e.g. Q ~ 10 6 or beyond) offers an ultra-high sensitivity. However, the drawback is that the microresonator needs to be thoroughly cleaned or disposed after use. Furthermore, the sensor performance can also be limited by the laser wavelength instability, and hence a precision laser wavelength monitoring should be desirable. By contrast, we believe that our MZI-based microresonator technique offers essentially an interferometric method for sensing, yet with the potential benefit of using the asymmetric resonance line shapes change as an additional measure, which is less affected by laser wavelength instabilities.
Here we contrast more quantitatively our proposed technique for (biochemical) sensing with conventional interferometric method using MZI. We assume a refractive index shift Δn = 10 -4 (n = 1.33). We consider the sample has a thickness of 1 mm, resulting in a phase shift ∆φ of ~ 0.4 rad (at 1558.47 nm). Following the measured spectra (Fig. 5) , we assume a resonance wavelength at 1558.42 nm with a resonance Q ~ 10 4 . Using (2), we calculate the resonance line shapes with C = 1 and φ = π/2. Figure 6(a) shows the calculated asymmetric resonance line shape change under the phase shift of 0.4 rad. We note that the calculated intensity change at an off-resonance wavelength is essentially the same as conventional MZI response. We believe that the resonance line shape change is favorable for sensing applications. Figure 6(b) shows the calculated intensity against φ for our proposed technique at various wavelengths and for conventional MZI sensing. At an off-resonance wavelength, our technique matches that of conventional MZI-only method. However, with the probe wavelength approaches the resonance wavelength, our proposed method exhibits less sensitivity to relative phase shifts than conventional MZI. The phase response becomes flat at the resonance wavelength. Although our proposed approach only displays sensitivity as good as a conventional MZI, we believe that the flat response at a resonance wavelength offers a unique reference that is fixed in intensity under any degree of relative phase shifts. We could then have a MZI-based sensing technique that has a self-reference at the resonance wavelength.
Figure 6(c) shows our analysis of the initially measured spectra (Fig. 5) in terms of the measured intensities as a function of delay (phase shift) at various probe wavelengths near resonance A. However, unlike our modeling, the response curves measured near the resonance wavelength still display considerable modulations. Moreover, the response curves fail to display the expected π-phase shifted oscillations in our modeling (shown in Fig. 6(b) ). Instead, all the extracted response curves essentially follow the same modulation. We attribute the modulation to perhaps a MZI-dominant effect results from possible alignment issues. Further experiments are needed to confirm our modeled Fano line shapes tuning and to substantiate the proposed technique as a useful MZI-microresonator based biosensing method.
CONCLUSION
We experimentally demonstrated controlled Fano line shapes tuning in prism-coupled silica hexagonal micropillar resonators using a Mach-Zehnder interferometer. Our experimental setup reveals singlemode resonances (Q ~ 1. observed in the interferometer output are characteristically asymmetric. By controlling the interfering coherent continuum field relative amplitude and relative phase, we demonstrated 2π asymmetric resonance line shapes tuning. We believe that our technique of controlled resonance line shapes tuning deserves further investigation for potential applications in biochemical sensing as an alternative approach to conventional interferometric and microresonator-based methods.
